INTRODUCTION
The synthesis in plants of antimicrobial compounds called phytoalexins is one of the best-studied plant defense responses induced upon infection with a variety of microorganisms (Dixon, 1986; Ebel, 1986) . Phytoalexin synthesis and accumulation are observed not only after microbial infection, but also after treatment of plant tissues with elicitors. The term "elicitor," originally used to refer to molecules and other stimuli that induce phytoalexin synthesis in plant cells (Keen, 1975) , is now commonly used for molecules that stimulate any plant defense mechanism (Dixon, 1986; Ebel, 1986; Hahlbrock and Scheel, 1987) . A number of different cell wall constituents, originating either from the host plant or from the invading microbe, can induce phytoalexin accumulation and other plant defense responses (Hahn et al., 1989) . Crude elicitor fractions have been prepared from many different sources (West, 1981;  ' To whom correspondence should be addressed. Darvill and Albersheim, 1984) . Elicitors that have been purified to apparent homogeneity include fragments of funga1 (Kendra and Hadwiger, 1984; Sharp et al., 1984b Sharp et al., , 1984c Barber et al., 1989) and plant Nothnagel et al., 1983; Jin and West, 1984) cell walls and enzymes secreted by fungi (Bruce and West, 1982; Cervone et al., 1987; Robertsen, 1987) and bacteria (Davis et al., 1984 ) that act to release elicitors from plant cell walls.
The smallest elicitor-active p-glucan fragment from fungal cell walls that has been purified to homogeneity and structurally characterized is a branched hexa-p-glucosyl glucitol (reduced compound 1 ; see Figure 1 ) that induces phytoalexin accumulation in soybean (Sharp et al., 1984b (Sharp et al., , 1984c . This hexaglucosyl glucitol was purified from a complex mixture of oligosaccharides that were released by partia1 acid hydrolysis of the mycelial walls of the soybean pathogen Phytophthora megasperma f sp glycinea and subsequently reduced. The elicitor activity of the Hydroxyl groups not involved in linkages or at the reducing end of oligosaccharides have been omitted for clarity.
hexa-6-glucosyl glucitol is identical to the activity of the corresponding unreduced hepta-0-glucoside (Sharp et al., 1984a) ; both are active at concentrations between 1 O-7 M and 1O-' M. This makes them the most active elicitors of phytoalexin accumulation yet isolated. The structure of the elicitor-active hepta-P-glucoside was confirmed by its chemical synthesis (Ossowski et al., 1984 ; Sharp et al., 1984a; Fügedi et al., 1987) . The hexa-0-glucosyl glucitol elicitor was the only active component observed in a mixture of some 300 hexaglucosyl glucitols released by partia1 acid hydrolysis of P. megasperma mycelial walls (Sharp et al., 1984~) . Seven other hexa-p-glucosyl glucitols in this mixture were also purified to homogeneity and their structures determined (Sharp et al., 1984b (Sharp et al., , 1984c . These seven hexa-p-glucosyl glucitols did not appear to have any ability to induce phytoalexin accumulation, although the amounts of each of these hexa-/I-glucosyl glucitols recovered (<1 O0 pg) permitted testing over only a limited concentration range (Sharp et al., 1984c) . These results provided evidence that there are highly defined structural requirements for an oligo-p-glucoside to be an effective elicitor of phytoalexin accumulation in soybean.
The present study was undertaken to gain more insight into which structural elements of the elicitor-active hepta-(3-glucoside are the more important ones for maximum biological activity. The approach chosen was to examine the biological activities of chemically synthesized oligoglucosides, whose structures are shown in Figure 1 , that are structurally related to the active, funga1 wall-derived heptap-glucoside. In addition, severa1 derivatives of the heptap-glucoside shawn in Figure 2 were prepared by modifying the reducing glucosyl residue and tested to determine whether the structure of the hepta-0-glucoside elicitor could be modified at that position without significantly altering its biological activity. Such derivatives should be useful in experiments aimed at the identification and purification of the plant receptor that is presumably responsible Hydroxyl groups not involved in linkages or at the reducing end of oligosaccharides have been omitted for clarity.
for the specific recognition of elicitor-active oligoglucosides in vivo.
RESULTS

Purity of Synthetic Oligoglucosides
The purity of the synthetic oligoglucosides shown in Figure  1 was assessed by fast-atom-bombardment/mass spectrometry (FAB-MS) . All of the synthetic oligoglucosides, except hepta-P-glucosides 1 and 5, appeared to be homogeneous. The mass spectra showed the presence of a single pseudomolecular ion [M-I] and fragment ions corresponding to losses of single glucosyl residues. The preparations of heptaglucosides 1 and 5 contained other components in addition to the reducing heptaglucosides. The m a s spectra of hepta-0-glucosides 1 and 5 each had an ion peak at mlz of 11 53, indicating the presence of hexaglucosyl glucitol (the reducing form of the hepta-P-glucoside) in each hepta-P-glucoside preparation. This conclusion was confirmed by reducing the hepta-p-glucoside preparations with sodium borodeuteride and examining the ion ratios by FAB-MS. The mass spectrum of the deuterium-reduced sample showed that the ion peak at 11 51 had disappeared, whereas a new ion peak at 1 154 (consistent with the presence of hexaglucosyl glucitol containing one deuterium) was present. The ion peak at 11 53 remained unchanged, indicating that no incorporation of deuterium had occurred as a result of reduction with borodeuteride and suggesting that the molecule from which the 1153 ion peak originated was already in its reduced form. The presence of prereduced hepta-6-glucoside in the samples of hepta-P-glucosides 1 and 5 was further confirmed by reducing end derivatization (see below). The amount of prereduced hepta-6-glucoside present in synthetic hepta-B-glucoside preparations was variable. The preparations of hepta-P-glucosides 1 and 5 used for the work reported here contained about 30% and 15%, respectively, of the reduced forms of the hepta-pglucosides. A more recent preparation of hepta-P-glucoside 1 did not appear to contain reduced heptaglucoside (data not shown). The preparation of hepta-gglucoside 1 contained an additional component (-1 0% of the sample) that gave rise to a cluster of ions centered about m/z = 11 36. This component could be removed from the sample of hepta-P-glucoside 1 by gel permeation chromatography (data not shown) and was not characterized further. The elicitor activities of each component present in the hepta-0-glucoside 1 preparation were indistinguishable on a molar basis (data not shown). Thus, the presence of other components in the preparation of hepta-P-glucoside 1 has no measurable effect on the elicitor activity of the hepta-P-glucoside preparation.
Elicitor Activities of Synthetic Oligoglucosides
The ability of each of the synthetic oligoglucosides to induce phytoalexin accumulation in soybean cotyledon tissue was determined. The results of these bioassays, shown in Figures 3 and 4 , demonstrate that the oligosaccharides are differentially effective at inducing phytoalexin accumulation in soybean. Figure 3 shows the elicitor activities of synthetic oligoglucosides that have in common the structural elements of hepta-P-glucoside 1 . Synthetic inducing the accumulation of phytoalexins in soybean cotyledons ( Figure 3 ); a concentration of each oligosaccharide of -1 O-' M was required to achieve half-maximum phytoalexin accumulation. The reduced form of hepta-0-glucoside 1 appeared to be somewhat more active (twofold) as an elicitor than untreated hepta-P-glucoside 1 (Figure 3 ). Octa-p-glucoside 11 appeared to be somewhat less effective than oligoglucosides 1 through 4. A threefold higher concentration of octaglucoside 1 1 was required to achieve half-maximum phytoalexin accumulation ( Figure  3 ), confirming the results of previous bioassays of this oligoglucoside (Sharp et al., 1984a) . As a contrast, the crude mixture of heptaglucosides released from the walls of P. megasperma was about 500-fold less active than oligoglucosides 1 through 4. Figure 4 shows the elicitor activities of synthetic oligoglucosides having specific structural modifications when compared with hepta-P-glucoside 1 . These synthetic oligoglucosides (5 through 10) were much less effective inducers of phytoalexin accumulation in soybean cotyledons than oligoglucosides 1 through 4. Specifically, hepta-P-glucoside 5, which is a structural isomer of hepta-pglucoside 1 (Figure I) , required a concentration of -7 pM to induce half-maximum phytoalexin accumulation. a-Allyl-N-acetylglucosaminyl-penta-(3-glucoside 7, a structure identical to a-allyl-hexa-(3-glucoside 3 except that one terminal side-chain glucosyl residue was substituted with an N-acetylglucosaminyl residue, also required a concentration of -7 WM to induce half-maximum phytoalexin accumulation. The other N-acetyl-substituted hexaglucoside, a-allyl-N-acetylglucosaminyl-penta-0-glucoside 8, was -1 05 times less active as an elicitor than oligo-gglucosides 1 through 4. In fact, a complete activity curve could not be generated for oligosaccharide 8 because of its low activity and the limited amount of sample available for bioassay. Two amino-substituted hexaglucosides, a-propyl-glucosaminyl-penta-p-glucosides 9 and 1 O, required concentrations of -60 nM and 2 pM, respectively, to elicit halfmaximum phytoalexin accumulation. The unambiguous synthetic routes used to prepare oligoglucosides 5 through 10 preclude the possibility that the low elicitor activities of these oligoglucosides were due to the presence of very low amounts of hepta-gglucoside 1 in the samples. Triglucoside 6 and gentiobiose, p-(1+6)-linked diglucoside, were -6000-fold and -600,000-fold, respectively, less effective as elicitors than oligoglucosides 1 through 4. Laminaribiose, P-(1+3)-linked diglucoside, exhibited only very low elicitor activity (AIA,,, < 0.2) at the highest concentration assayed (7 mM). Heptapustulan, a linear p-(I+ 6)-linked heptaglucoside that encompasses the backbone of the elicitor-active oligoglucosides, had no elicitor activity The response of the cotyledons (A/&) to the oligoglucosides was determined using the cotyledon bioassay (Ayers et al., 1976; Hahn et al., 1991) , as described in Methods. Oligoglucosides tested were: O, hepta-0-glucoside 5; A, a-allyl-tri-p-glucoside 6; +, a-allyl-N-acetylglucosaminyl-penta-p-glucoside 7; O, a-allyl-Nacetylglucosaminyl-penta-p-glucoside 8; V, a-propyl-glucosaminyl-penta-0-glucoside 9; B, a-propyl-glucosaminyl-penta-fl-gluco- Elution Volume (mL) Figure 5 . Purification of the Tyramine Oligoglucosides.
(A) Maltoheptaose-tyramine conjugate.
(B) Hepta-P-glucoside-tyramine conjugate 12.
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Conjugates of (C) Hepta-P-glucoside-tyramine conjugate 16. The tyramine conjugates were prepared by reductive amination, as described in Methods. Gel permeation chromatography of the reaction products was carried out on a Bio-Gel P-2 column (1 x 110 cm, 200 to 400 mesh) equilibrated in 0.1 M NH4HC03. Fractions of 1 mL were collected and assayed for hexose content (O) by the anthrone assay and for the presence of phenoxyl groups by absorbance at 274 nm (W). The elution positions of underivatized maltoheptaose (M) and free tyramine (T) are indicated in (A).
at concentrations as high as 78 wM. Maltoheptaose, a linear cy-(14)-linked heptaglucoside structurally unrelated to the elicitor-active oligoglucosides, had no activity in the cotyledon bioassay when assayed at concentrations as high as 9 mM.
Preparation of Reducing End Derivatives of Hepta-8-glucoside 1
Severa1 reducing end derivatives (i.e., oxime and tyramine conjugates) of hepta-p-glucoside 1 (Figure 2 ) were prepared in an effort to assess the impact of struclural modifications at the reducing terminal glucosyl residue on the elicitor activity of the hepta-P-glucoside. Whereas the final yield of the O-benzyl-oxime product of a model oligoglucoside, maltoheptaose, was about 45%, the yield of the oxime derivative of hepta-P-glucoside 1 (compound 14) was <10%. The low solubility of the hepta-6-glucoside in the pyridine solvent used for the reaction probably contributed to the low yield. Conjugation of maltoheptaose and hepta-P-glucosides 1 and 5 to tyramine (compounds 12 and 16) could be carried out in a solvent in which the oligosaccharides remained soluble (methanol/water, 70:30, v/v). Figure 5 shows the purification of the tyramine conjugates by column chromatography on Bio-Gel P-2. Maltoheptaose was quantitatively converted to its tyramine conjugate ( Figure 5A ). The presence of reduced oligosaccharides, which are unreactive with tyramine, in the preparations of hepta-P-glucosides 1 and 5 lowered the yield of the tyramine conjugates ( Figures 5 8 and 5C ). The tyramine conjugates eluted later than the prereduced or reducing oligosaccharides, suggesting that separation was not based on size (as would be expected for Bio-Gel P-2), but rather was based on interaction of the tyramine with the column material. The tyramine conjugates of hepta-@-glucosides 1 and 5 were sufficiently retained by the column to permit baseline resolution of the conjugate peaks from the prereduced hepta-0-glucoside (Figures 56  and 5C ). Unreacted tyramine eluted substantially after the included volume of the column ( Figure 5A ). A nonradioactive iodinated derivative (Figure 2 , compound 13) of hepta-@-glucoside-tyramine conjugate 12 was also prepared. lodination of the phenoxyl ring of the tyramine conjugate was readily accomplished using lodogen (Fraker and Speck, 1978) as the oxidizing agent. Molar ratios of iodine to tyramine conjugate of 4:l or greater yielded derivatives with two iodine atoms added to the aromatic ring (data not shown). Chromatography of the iodination reaction products on a Bio-Gel P-2 gel-permeation column yielded a single coincident peak of hexose and A3,0 [the absorption maximum of the phenoxyl ring shifts from 274 nm to 310 nm upon iodination (Panuska and Parker, 1987)] . No detectable side products of the iodination reaction were observed (data not shown). In contrast, iodinations carried out using the oxidizing agent Chloramine T, a reagent commonly used to iodinate phenoxyl groups in proteins (Greenwood et al., 1963; McConahey and Dixon, 1980) , resulted in extensive side reactions yielding a heterogeneous mixture of products (data not shown).
Elicitor Activities of Reducing End Derivatives of Hepta-p-glucoside 1
The results of bioassays of the reducing end derivatives of hepta-P-glucoside 1 are shown in Table 1 . Reduction of 150 pM, respectively. These results SUggeSt that COnJUgation with aromatic groups does not significantly affect Hepta-P-glucoside 1 8.0 Reduced form of hepta-P-glucoside 1 3.9 Alkyl-hepta-P-glucoside 15 5.6 Hepta-/3-glucoside-tyramine conjugate 1 2 11 lodo-hepta-6-glucoside-tyramine conjugate 13 12 Hepta-P-glucoside-oxime 14 10 Hepta-p-glucoside 5 6880 Hepta-0-glucoside-tyramine conjugate 16 2680
Structures of oligoglucosides 1 and 5 and their derivatives are shown in Figures 1 and 2 . Elicitor activities were determined using the soybean cotyledon bioassay as described in Methods. The relative elicitor activity (ECS0) is defined as the concentration of an oligosaccharide required to give half-maximum induction of phytoalexin accumulation (AIAstd = 0.5) in the cotyledon bioassay corrected to the standard curve for hepta-p-glucoside 1 (95% confidence interval = 2.6 to 28 nM; see Figure 3 ). the terminal glucosyl residue to its corresponding glucitol previously had been shown to not significantly affect the elicitor activity of hepta-P-glucoside 1 (Sharp et al., 1984a . This result was confirmed in the present study, which showed that reduced hepta-0-glucoside 1 was slightly more active (twofold) than the reducing oligosaccharide ( Figure 3 ; Table 1 ). Attachment of bulky alkyl (compound 15) or aromatic groups (compounds 12 through 14) at the reducing end of hepta-p-glucoside 1 also had no significant effect on the concentration of the hepta-P-glucoside 1 derivatives necessary to achieve halfmaximum phytoalexin accumulation when compared with the activities of hepta-0-glucoside 1 (Table 1) . However, the maximum leve1 of phytoalexin accumulation achieved with saturating concentrations of the reducing end derivatives of hepta-p-glucoside 1 was reduced between 10% and 30% when compared with the underivatized heptap-glucoside (data not shown). The significance of the reduction in maximum phytoalexin amounts elicited by the reducing end derivatives of hepta-P-glucoside 1 is not known.
The effect of reducing end derivatizations on the elicitor activities of hepta-0-glucoside 5 and the structurally unrelated hepta-a-glucoside maltoheptaose was also examined. The reduced tyramine conjugate of hepta-p-glucoside 5 (compound 16) was about 2.5 times as active as the underivatized hepta-P-glucoside 5 (Table 1 ). The reduced oxime and tyramine derivatives of maltoheptaose had no elicitor activity at concentrations as high as 430 pM and Previous studies on the induction of phytoalexin accumulation in soybean by fungal walf-derived oligoglucosides demonstrated a high degree of selectivity in the response of cotyledon tissue to the oligoglucosides (Sharp et al., 1984~) . Only one of eight oligoglucosides (compound 1, see Figure 1 ) purified from a mixture of heptasaccharides released from fungal walls by partia1 acid hydrolysis induced phytoalexin accumulation. The limited amounts of each oligoglucoside that were obtained in pure form (50 pg to 300 pg), and the complexity of the purification process, precluded a more systematic examination of which structural features of the oligoglucosides were most important for recognition of elicitor-active oligoglucosides by the plant.
We have utilized a family of 11 chemically synthesized oligo-p-glucosides (Figure 1 ) that are structurally related to the previously characterized elicitor-active hepta-p-glucoside to identify key structural features essential for effective elicitation of phytoalexin accumulation in soybean cotyledon tissue. Each of the synthetic oligoglucosides was prepared in milligram amounts (2 mg to 100 mg) to permit biological assays over a broad concentration range.
With the exception of the hepta-p-glucosides 1 and 5, the synthetic oligoglucosides were pure compounds as determined by FAB-MS. Hepta-P-glucosides 1 and 5 each contained between 15% and 30% of the corresponding reduced hexa-P-glucosyl glucitols (Figure 5 ), depending on the batch of synthetic oligosaccharide. These components most probably arose in the final deprotection steps of the chemical syntheses (Ossowski et al., 1984; Fügedi et al., 1987 Fügedi et al., , 1988 . The presence of the hexaglucosyl glucitol in the preparation of hepta-P-glucoside 1 had no impact on the biological studies, inasmuch as the reduced and reducing forms of hepta-p-glucoside 1 are equally active (Sharp et al., 1984a ; Figure 3 ; Table 1 ).
The results of the biological assays of the synthetic oligoglucosides suggest that hexa-P-glucoside 3 (Figure 1 ) is the minimum structural element required for an oligoglucoside to be a maximally effective elicitor in soybean and identify structural elements of that motif that are essential for the biological activity of oligoglucoside elicitors. These essential structural elements are shown diagrammatically in Figure 6 . The four most active oligoglucosides (compounds 1 through 4; ECS0 = 10 nM; Figure 3 ) have, as part of their structures, the branching pattern found in the elicitor-active hepta-P-glucoside identified previously (Sharp et al., 1984c) Terminal glucosyl residues, shown as diagonally hatched boxes (E#), were found to be essential for maximum elicitor activity. The backbone glucosyl residue, shown as a horizontally hatched box (E!), must remain unbranched for maximum elicitor activity. Modification of the reducing terminal glucosyl residue (G), had no major effect on the elicitor activity of the hepta-0-glucoside elicitor. through 4, are not effective inducers of phytoalexin accumulation (Figure 4) . Substitution in hexaglucoside 3 of the side-chain glucosyl residue closest to the nonreducing terminus of the oligosaccharide with a glucosaminyl (compound 9) or an N-acetylglucosaminyl residue (compound 7) reduced the elicitor activity -1 O-fold and lOOO-fold, respectively. The same substitutions at the nonreducing terminal backbone glucosyl residue (compounds 1 O and 8) resulted in even greater decreases in the elicitor activity of the oligoglucosides (-1 00-fold and 10,000-fold). The importance of the p-(1-+6)-linked backbone residues for the biological activity of oligoglucosides is demonstrated by the fact that gentiobiose [p-(l--t6)-linked diglucoside] has elicitor activity at -1 O-3 M, whereas laminaribiose [@-(1-+ 3)-linked diglucoside] is inactive at that concentration. The importance of the side-chain glucosyl residues of oligoglucosides for their activity is demonstrated by the fact that a linear p-(1+6)-linked heptaglucoside is inactive as an elicitor. Furthermore, the different arrangement of sidechains in hepta-P-glucoside 5 also substantially reduces the activity of the oligoglucoside, confirming previous findings (Sharp et al., 1984c) .
The bioassays of the synthetic oligoglucosides examined in this study clearly demonstrate the importance for elicitor activity of the branched trisaccharide at the nonreducing end of the oligosaccharides. The oligoglucosides examined thus far do not allow a complete assessment of the importance for maximum elicitor activity of the sidechain glucosyl residue closest to the reducing terminus of the oligosaccharide. Synthesis and bioassay of additional oligoglucosides that lack this side-chain glucosyl residue or in which this residue has been substituted with another glycosyl residue could answer this question. Another question that remains open is whether the side-chains can be spaced apart more than one unbranched glucosyl residue without altering the elicitor activity of the oligosaccharide.
The demonstration that hepta-P-glucoside 1 can be modified structurally at the reducing terminal backbone glucosyl residue (Table 1) has allowed the preparation of useful derivatives for the biochemical analysis of the recognition process. One such derivative, whose preparation and elicitor activity are reported here, is an iodinated tyramine conjugate of hepta-P-glucoside 1 (compound 13). This derivative, when synthesized with radioactive lZ5l, has proved to be a suitable ligand for the identification of a specific binding site for hepta-P-glucoside 1 in soybean membranes (Cheong and Hahn, 1991) . Other reducing end derivatives of hepta-p-glucoside 1 that might prove useful include a photoreactive derivative for photoaffinity labeling of the receptor and hepta-p-glucoside 1 coupled to a column matrix for affinity purification of the binding protein(s). The preparation of such reagents is being pursued.
METHODS
Colorimetric Assays
Concentrations of oligosaccharide solutions were determined as glucose equivalents with the anthrone assay (Dische, 1962; Hahn et al., 1991) , using glucose as the standard. Where appropriate, glucose equivalent concentrations were corrected for the presente of unreactive glycosyl residues in the oligosaccharides (e.g., N-acetylglucosaminyl or glucitol residues) as described (Sharp et al., 1984a .
Oligoglucosides
Syntheses of severa1 of the synthetic oligoglucosides used in this study (Figure 1 ) have been reported elsewhere: hepta-P-glucoside 1 (Ossowski et al., 1984; Fügedi et al., 1987) , a-allyl-nona-P-glucoside 2 (Hong and Ogawa, 1990 ), a-allyl-hexa-P-glucoside 3 (Hong and Ogawa, 1990) , deca-P-glucoside 4 (Birberg et al., 1989) , hepta-p-glucoside 5 (Fügedi et al., 1988) , octa-p-glucoside 11 (Ossowski et al., 1984) . Syntheses of a-allyl-oligo-P-glucosides 6, 7, and 8 and a-propyl-oligo-P-glucosides 9 and 10 are the unpublished work of N. Hong and T. Ogawa. Void glucan elicitor and a mixture of hepta-P-glucosides were prepared from mycelial walls of Phytophthora megasperma f sp glycinea as described (Sharp et al., 1984c; Hahn et al., 1991) . Pustulan [(1+6)-linked P-o-glucan] was purified from a crude commercial preparation (Calbiochem, La Jolla, CA) as described (Reese et al., 1962) . A heptaglucoside derived from pustulan was prepared by partia1 acid hydrolysis (2 M trifluoroacetic acid, 85"C, 2 hr) of the polysaccharide, followed by gel permeation chromatography on a high-resolution Bio-Gel P-2 column, according to procedures used for the purification of P. megasperma oligosaccharides (Hahn et al., 1991) . Maltoheptaose, laminaribiose, gentiobiose, and maltose were purchased from Sigma.
Preparation of Reducing End Derivatives of Hepta-8-glucosides 1 and 5
The synthesis of an alkyl glycoside of hepta-p-glucoside 1 (Figure  2 , compound 15) has been reported elsewhere (Birberg et al., 1989) .
Tyramine conjugates of hepta-p-glucosides 1 (compound 12) and 5 (compound 16) were prepared by reductive amination as described (Wang et al., 1984) with some modification. A reagent solution consisting of 137 mg of tyramine (free base, Sigma), 35 mg of sodium cyanoborohydride, 350 pL of methanol, 50 pL of deionized water, and 41 pL of glacial acetic acid was prepared and was briefly warmed to 80°C to dissolve the reagents completely. Hepta-p-glucoside (1 mg) was dissolved in 5 pL of deionized water in a 12 x 75-mm glass test tube fitted with a teflon-lined screwcap. Reagent solution (40 pL) was added to the hepta-p-glucoside, and the mixture was heated for 1 hr at 80°C. The reaction mixture was cooled to room temperature, and the methanol was evaporated under a stream of filtered air. The residue was dissolved in 200 pL of water and warmed briefly at 8OoC to dissolve the sample. Unreacted cyanoborohydride was removed by loading the reaction mixture on a small anion-exchange column (0.5 mL bed volume) of AG 1-X8 (Bio-Rad, 200 to 400 mesh, CI-form), eluting the column with 2 mL of deionized water, and lyophilizing the eluant. The tyramine conjugate was purified by chromatography on a Bio-Gel P-2 column (1 x 11 O cm) equilibrated in 0.1 M NH4HC03 ( Figure 5 ). Fractions containing both hexose and absorbance at 274 nm (absorption maximum for tyramine; molar extinction coefficient = 1420 M-' cm-') were pooled and lyophilized. Colorimetric and spectrophotometric analyses of the conjugate gave a molar ratio of hexose to phenoxyl groups of -6:1, as would be expected for the pure conjugate. Analysis of this material by FAB-MS gave peaks corresponding to the pseudomolecular ion ([M-1] = 1272) and to its chloride adduct ([M-l+35] = 1307), which are consistent with the structure of the tyramine conjugates 12 and 16.
An iodinated derivative (compound 13) of hepta-p-glucosidetyramine conjugate 12 was prepared by iodination of the phenoxyl ring of compound 12 with lodogen (Fraker and Speck, 1978) as the oxidizing agent as follows: A solution of lodogen (Pierce) in chloroform (0.5 mg/mL) was prepared and 50-pL aliquots of this Solution were added to the bottoms of 12 x 75-mm glass test tubes. The solvent was allowed to evaporate in a fume hood. Tubes were stored desiccated at room temperature until needed. An lodogen-coated test tube was rinsed with 0.5 mL of 250 mM sodium phosphate, pH 7.5, and the test tube was drained. Hepta-0-glucoside-tyramine conjugate (60 nmol in 10 pL of 250 mM sodium phosphate, pH 7.5) was added to the bottom of the rinsed lodogen-coated test tube, followed by the addition of sodium iodide (60 nmol in 1 O pL of 250 mM sodium phosphate, pH 7.5), and the solution was allowed to stand at room temperature for 15 min. The reaction was stopped by removing the solution from the lodogen-coated test tube. The iodinated product was purified by gel-permeation chromatography on a Bio-Gel P-2 column (1 x 28 cm, 200 to 400 mesh, Bio-Rad) equilibrated in 0.1 M NH4HC03. Fractions of 1 mL were collected and assayed colorimetrically for hexose content and for absorbance at 310 nm [the absorption maximum of the phenoxyl ring shifts from 274 nm to 310 nm upon iodination (Panuska and Parker, 1987) ]. Fractions containing both hexose and absorbance at 31 O nm were pooled and lyophilized. Analysis of the product by FAB-MS showed it to be a mixture of the di-iodinated ([M-1] = 1525) and mono-iodinated ([M-1 ] = 1399) derivatives of the hepta-p-glucoside-tyramine conjugate in an approximate ratio of 2:l.
The reduced oxime derivative of hepta-p-glucoside 1 (compound 14) was prepared as described (Thompson, 1978; Chen and McGinnis, 1983) , with some modification. Hepta-p-glucoside (5 mg) was dissolved in 0.5 mL of pyridine in a 12 x 75-mm test tube fitted with a Teflon-lined screwcap and reacted with 8 mg of O-benzylhydroxylamine. HCI (Sigma) for 2 hr at 60°C. The solvent was evaporated with a stream of filtered air at room temperature. Toluene (1 mL) was added to the residue to assist in the removal of residual pyridine, and the solvent was evaporated as before. The additionlevaporation of toluene was repeated severa1 times. The residue was dissolved in 0.3 mL of water, and the oxime was reduced by adding 5 mg of sodium cyanoborohydride (Aldrich) dissolved in 0.3 mL of methanol. The mixture was kept at 60"C, and 10-pL portions of 6 M HCI were added as needed to keep the solution acidic. When the reaction mixture remained acidic for 15 min without further addition of HCI, the tube was sealed and kept at 60°C overnight. The solvent was evaporated as before. The residue was dissolved in 0.1 mL of water and loaded onto a Dowex 50-X-2 (1 O0 to 200 mesh) cation-exchange column (0.5 x 5 cm). After washing the column with -2 mL of water, the reduced oxime was eluted with -2 mL of 0.2 M ammonium hydroxide and lyophilized. Analysis of this material by FAB-MS gave peaks corresponding to the pseudomolecular ion ([M-I] = 1258) and to its chloride adduct ([M-l+35] = 1293), which are consistent with the structures of the reduced oxime 14.
FAB-MS
FAB-MS of oligosaccharides was recorded using a VG ZAB-SE mass spectrometer operating at low resolution (1 :1000) in the negative ion mode with an accelerating voltage of 8 kV. The mass spectrometer was calibrated with Csl. Aliquots (about 1 pL; 2 pg/ pL to 1 O pg/pL) of the oligosaccharides were applied to the probe tip of the mass spectrometer together with 1 pL to 2 pL of 1 -amino-2,3-dihydroxypropane. lsotopomeric ions of high-mass ion clusters were not resolved under the low-resolution conditions used. Instead, signals corresponding to the average mass of the ion clusters were detected. The m/z values were converted into the nominal masses of the isotopomers containing only '*C, 'H, and l60 isotopes (reported here) using the CARBOMASS mass spectrometry software developed by and available from William S. York (University of Georgia) (York et al., 1988) .
Plant Material and Growth Conditions
Foundation-quality soybean (Glycine max L cv Williams 82) was obtained from lllinois Foundation Seeds, Inc. (Champaign, IL) and stored at room temperature. Seed was from the newest crop available and was less than 12 months old. Seeds were hand sorted for soundness and planted in trays as described (Weinstein et al., 1981) , except that Fafard Mix no. 3 (Conrad Fafard Inc., Springfield, MA) was used as potting soil and the trays were watered daily with -600 mL of water per tray. Plants were grown in a growth chamber (model GC 9-1 3, Environmental Specialists, Inc., Raleigh, NC) with a regime of 14 hr of illumination (450 pE/ m2/sec to 550 pE/m2/sec) at 26°C and 1 O hr of darkness at 20°C. The relative humidity was maintained at 60%.
